Phylogenetic analyses of archaeal 16S rRNA genes (rDNA) from DNA extracted from continental shelf sediments revealed the presence of two major lineages, belonging to the kingdoms Crenarchaeota and Euryarchaeota, respectively. Our analyses indicate that the benthic Archaea belong to a new group, divergent from the marine low-temperature planktonic Archaea. This is the first report showing the existence of Archaea, unrelated to methanogens, specifically associated with low-temperature anoxic marine sediments. z 1998 Published by Elsevier Science B.V.
Introduction
De¢ning the diversity and structure of natural microbial communities through the quanti¢cation of their constituent populations has been a long-standing challenge in microbial ecology. Selective enrichment cultivation has severe limitations when used as a single approach to thoroughly describe microbial diversity, and more than 90% of the microorganisms in nature are thought to have escaped traditional cultivation techniques [1] . The application of molecular techniques to microbial ecology, in particular the use of the small subunit ribosomal RNA (16S rRNA) as a molecular marker, has in part alleviated these limitations, revealing much of the microbial diversity that previously escaped identi¢cation [1] .
Of the three major evolutionary domains of life on Earth, the Archaea are the least understood in terms of their diversity, physiology, genetics and ecology. The Archaea are divided into two kingdoms: (i) the Crenarchaeota, of which all members that have been grown in culture are thermophiles; (ii) the Euryarchaeota, a diverse group which includes all the methane-producing organisms, the extreme halophiles and some of the thermophiles. Recently a third kingdom, the Korarchaeota, has been proposed to describe a group of as yet uncultivated organisms whose 16S rRNA sequences have been retrieved from a hot spring in Yellowstone National Park [2] . Further-more, several reports based on the phylogenetic analysis of 16S rRNA genes from natural microbial communities have revealed the presence of new Crenarchaeota in several low-temperature marine and terrestrial environments. Crenarchaeal phylotypes were found among the marine picoplankton [3, 4] , in the gut of a deep-sea holothurian [5] , in freshwater sediments [6^8] and in forest and subsurface soils [9, 10] . Additionally, actively dividing cells of a crenarchaeote inhabiting the tissues of a marine sponge at 10³C were identi¢ed by in situ hybridization [11] . New lineages of the kingdom Euryarchaeota have also been found among the marine picoplankton [3, 4] and in coastal marsh sediments [12] . These reports show that Archaea are much more widespread than previously thought and that they are not restricted to extreme environments. We report here, for the ¢rst time, the presence of Crenarchaeota and Euryarchaeota (unrelated to methanogens) in low-temperature marine sediments. The benthic phylotypes described in this study belong to two new lineages of Archaea phylogenetically divergent from the low temperature marine Archaea reported to date.
Materials and methods

Sample collection
A 75 cm long gravity core sample was collected in Buzzards Bay, Cape Cod, from the SSV Corwith Cramer and was analyzed using a molecular phylogenetic approach based on 16S rDNA to determine the presence of Archaea in the suboxic region of the core. A 3 cm thick black layer, indicating a zone of potential sulfate reduction, was clearly visible 15 cm from the surface of the core. Subsamples were collected by inserting 1-ml syringes with the distal tips removed directly into the black layer, thus avoiding contamination from surface sediments. Subsamples were frozen and kept at 320³C in the laboratory until they were processed.
DNA extraction, ampli¢cation and sequencing
Genomic DNA was extracted from 100 mg of black sediment. The sample was thawed on ice, resuspended in 300 Wl TE (10 mM Tris HCl pH 8.0, 1 mM EDTA pH 8.0), incubated in the presence of 200 Wl lysozyme (50 mg ml 3I ), 20 Wl pronase (10 mg ml 3I ), 8 Wl mutanolysin (5000 U ml 3I ) and 4 Wl RNAse (10 mg ml 3I ) at 37³C for 1 h. 250 Wl of extraction bu¡er (20 mM Tris-HCl pH 8.0, 100 mM EDTA pH 8.0, 100 Wl ml 3I proteinase K, 1% SDS) was added to the sample and incubated at 37³C for 1 h and at 55³C for 30 min. The sample was extracted twice with an equal volume of phenol, twice with an equal volume of phenol-chloroform-isoamyl alcohol (50:49:1) and twice with an equal volume of chloroform-isoamyl alcohol (24:1). The aqueous phase was precipitated with 0.1 volume of 3 M sodium acetate (pH 4.6) and 2 volumes of 100% cold ethanol on ice for 1 h. The DNA was collected by centrifugation, washed in cold 70% ethanol, dried and resuspended in sterile distilled water. The 16S rRNA gene sequences were selectively ampli¢ed from the genomic DNA by PCR using primers designed to anneal to the conserved positions of the 5P and 3P regions of 16S rRNA genes. Primers used to selectively amplify archaeal 16S rRNA genes were: S-D-Arch-0344-a-S-20 (5P-ACGGGGCGCAGCAGGCGCGA-3P) [13] and S-*-Univ-1517-a-A-21 (5P-ACGGCTACCT-TGTTACGACTT-3P) [14] , or S-D-Arch-0021-a-S-20 (5P-TTCCGGTTGATCCYGCCGGA-3P) [3] and S-*-Univ-0907-a-A-20 (5P-CCGTCAATTCMTTTR-AGTTT-3P) [15] , yielding PCR products of about 1120 and 900 bp, respectively. Serial dilutions of template DNA were incubated in a thermal cycler in the presence of Taq DNA polymerase for 30 cycles under the following conditions: 94³C, 30 s; 48³C, 30 s; 72³C, 30 s. PCR products were puri¢ed using QIAquick spin columns (Qiagen) and resuspended in sterile distilled water. Ampli¢ed 16S rRNA gene fragments were cloned into the cloning site of pCR II plasmid (TA cloning system, Invitrogen) and the resulting ligation products were used to transform competent Escherichia coli INVKFP cells. A total of seven clones containing inserts of the appropriate size were identi¢ed by direct PCR screening followed by gel electrophoresis of the ampli¢ed inserts. Primary restriction of insert 16S rRNA gene fragments was performed by digestion with Sau3AI restriction endonuclease in order to estimate the phylogenetic diversity of the benthic Archaea. The reaction products were visualized by electrophoresis on a 2.5% w/v agarose gel. Six unique clones showing diverse RFLP patterns were selected and sequenced. The sequences from this study are available through GenBank under the following accession numbers: AF004343^AF004348.
Sequence and phylogenetic analyses
16S rRNA sequences of clones were manually aligned with a subset of archaeal 16S rRNA sequences from the Ribosomal Database Project (RDP) [16] Fig. 1. Phylogenetic analysis of marine sediment Archaea. A maximum-likelihood tree was constructed for the BBA sequences using fastDNAml [19] . The scale represents the expected number of changes per sequence position. The numbers depict bootstrap values obtained for a bootstrap sampling of 100. Abbreviations indicate uncultivated phylotypes from various environments : BBA, from coastal anoxic marine sediments (this study); JM8, from the gut of a deep-sea sediment feeder [5] ; SBAR, OARB, WHARN, ANTARCTIC5 and NH49-9, from marine picoplankton [3, 4] ; FFSB1 and SCA1145, from forest and subsurface soils, respectively [9, 10] ; pGrfA4, pGrfC26, pLAW11 and pLAW12, from freshwater sediments [6, 8] ; pJP33, from a Yellowstone National Park hot spring [2] ; 2MT1 and 2MT8, from salt marsh sediments [12] . and recent GenBank releases, using conserved sequence regions and the established secondary structure of the 16S rRNA as guides to ensure that only homologous nucleotides were compared among the sequences. Selected members of the Crenarchaeota and the Euryarchaeota were included in the alignment. Secondary structural models of the cloned rDNAs are consistent with the proposed structure of archaeal rRNA and indicate that the cloned rDNAs were derived from functional rRNA genes. Evolutionary distances were computed from pairwise similarities by using the correction of Jukes and Cantor [17] . Distance trees were constructed by the leastsquares algorithm of DeSoete [18] from a normal evolutionary distance matrix. Maximum-likelihood trees and corresponding bootstrap proportions were constructed using fastDNAml [19] .
Results and discussion
Sequence analyses
Sequence analyses of six di¡erent phylotypes revealed the presence of two major lineages in the sediment sample. Phylogenetic analyses using maximumlikelihood and distance matrix analyses consistently placed clones BBA2, BBA4 and BBA6 within the Crenarchaeota. According to our phylogenetic analyses, the Crenarchaeota are divided into two major clades ( Fig. 1): (i) the cultured thermophilic Crenarchaeota and the phylotypes retrieved from a hot spring in Yellowstone National Park, and (ii) the low-temperature phylotypes. This latter group is split into two major lineages: one includes the marine planktonic group I and abyssal phylotypes [3^5], the newly described Crenarchaeota from freshwater sediments (represented by pGrfA4) [6] and the forest and subsurface soil phylotypes (represented by FFSB1 and SCA1145, respectively) [9, 10] . The second lineage includes our sequences, BBA2, BBA4 and BBA6, retrieved from anoxic marine sediments, and other phylotypes obtained from low-temperature freshwater sediments (represented by pGrfC26 and pLAW sequences) [6, 8] . The relationships within this group are supported by high bootstrap values, with the exception of phylotype BBA4. The low bootstrap values for the placement of this phylotype suggest that its position is unresolved. The a¤liation of phylotypes BBA2, BBA4 and BBA6 with the Crenarchaeota was further con¢rmed by an intradomain nucleotide signature analysis [20] (Table 1) . The phylotypes BBA2 and BBA6 have 11 of 14 crenarchaeal nucleotide signatures and BBA4 has 9 of 14 crenarchaeal signatures. However, a comparison of the signature nucleotides of the three clones showed that BBA4 di¡ers from BBA2 and BBA6 in signature nucleotide positions 501, 658 and 692 and con¢rms that BBA4 may represent a di¡erent lineage ( Table 1 ). The G+C content of the BBA crenarchaeal rDNA sequences is between 56.4% and 57.5%, similar to the average G+C content of the pLAW rDNA sequences (52.5^58.6%).
Therefore, the marine benthic crenarchaeal phylotypes appeared to be divergent from other low-temperature marine Crenarchaeota known to date, the marine planktonic group I phylotypes [3, 4] and the abyssal phylotypes [5] . These sequences were collected from the water column at di¡erent coastal and deep-sea sites and from the gut of a holothurian at a depth of 4870 m, respectively. The abyssal phylotypes form a major clade with the planktonic sequences [5] . Since holothurians are sediment feeders, one possibility is that the abyssal Crenarchaeota might dwell in the top layer of the sediment, and may either be part of the endogenous archaeal community of the surface sediments, or be part of the slow settling marine snow [5] . It is unlikely that the crenarchaeal benthic phylotypes described here were originally part of the water column, since our samples were obtained from a well established anoxic layer 15 cm below the surface of the sediment core. The close phylogenetic a¤liation of BBA2, BBA4 and BBA6 with the pLAW phylotypes is consistent with their distribution in anoxic, sul¢de-rich sediments [8] .
As sulfate-reducing bacteria (SRB) are usually associated with anoxic sediments, enrichment cultures for SRB were carried out at di¡erent temperatures (18^55³C) using the black layer sediments as inocula. Positive enrichments for SRB were obtained using a variety of conditions (data not shown), suggesting that the benthic Archaea associated with our sediment sample may share overlapping ecological niches with SRB.
The remaining three phylotypes, BBA9, BBA10
and BBA12, consistently fell within the Euryarchaeota and appeared to be closely related to a group of euryarchaeal phylotypes (represented by 2MT1 and 2MT8) recently retrieved from coastal salt marsh subsurface (5^10 cm) sediments [12] (Fig. 1) . The BBA and MT euryarchaeal phylotypes represent a divergent new group in the same lineage including the low-temperature marine planktonic group II Euryarchaeota, which shares a common ancestry with the aerobic moderate thermophile, Thermoplasma acidophilum [3] (Fig. 1) . The observation that the BBA euryarchaeal phylotypes and the MT phylotypes are closely related is consistent with their distribution in similar subsurface sediment habitats.
The intradomain signature analysis of phylotypes BBA9, BBA10 and BBA12 con¢rmed their a¤liation with the Euryarchaeota (Table 1) . As methanogens are involved in the complete remineralization of sedimentary organic matter to methane, they are usually associated with low-temperature anoxic marine sediments. Thus, it was surprising not to ¢nd sequences representative of methanogens in our sample, although control 16S rRNA genes were ampli¢ed from genomic DNA extracted from Methanobrevibacter smithii. Additionally, attempts to enrich for methanogens were also unsuccessful. The presence of the BBA euryarchaeal phylotypes in continental shelf sediments, and the recent identi¢cation of archaeal ether lipids in marine sediments that di¡ers from those commonly synthesized by methanogens [21] , further supports the hypothesis that Archaea other than methanogens are important members of the microbial community in marine sediments.
In conclusion, our study demonstrates the existence of a new group of Archaea in low-temperature marine sediments, and suggests their association with a well established sediment layer below the oxic zone. To date the physiological properties of the benthic Archaea are unknown. We are currently evaluating the diversity and vertical distribution of Archaea in coastal and deep-sea sediments collected at di¡erent sites and depths. Biogeochemical measurements will be a critical next step to correlate the distribution of these novel Archaea with their potential activity and ecological role in marine sediments.
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